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tn  the  design  of  all  direct  current  dynamo  machinery, 
and  also  the  alternating  currant  comautator  motor,  the 
problem  of  preventing  sparking  at  the  corarautator  ie  one 
of  fuiivLamGiitai  iiiijjortaiioot   During  tiio  ^routor  part  vx   a 
revolution  of  the  armature  of  a  direct  current  machine, 
the  only  current  flowing  in  the  coils  ie  the  armature 
current,  due  to  the  load  and  directly  proportional  to  it. 
But  i7hen  two  adjacent  commutator  segments  pass  londer  a 
brush,  the  armature  coil  which  is  connected  bet^^een  those 
segments  is  short  circuited  by  the  brush.   Durin^^  the  time 
of  this  short  circuit  the  ciirrent  in  the  coil  must  fall  to 
zero,  reverse,  and  rise  again  to  its  original  vnlue  in  the 
opposite  direction.  But  at  the  time  of  the  reversal  of 
the  current  in  the  coil,  the  self  induction  of  the  coil 
comes  into  play,  and  resists  the  reversal  of  the  current. 
This  is  caused  by  the  electronotive  force  of  self  in- 
duction of  the  coil,  known  in  dynamo  design  as  the  react- 
ance voltage.   It  is  this  reactance  voltage,  due  to  the 
self  induction  of  the  coil,  which  produces  sparking  at  the 

commutator. 

I 
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In  order  then,  to  obtain  Bparklecs  oomrautation,  it 
will  be  evident  thn.t  the  effect  of  this  reactance  voltage 
must  be  overcome.  This  may  be  done  by  supplying  an  exter- 
nal field  which  shall  produce  an  electromotive  force  in 
the  coil  vfhioh  is  equal  to  the  reactance  voltage,  but 
opposite  in  direction.   It  \^ill  be  perfectly  clGir  that 
a  direct  current  niaohino  of  standard  design,  coinrnutating 
on  the  neutral  plane,  could  never  meet  this  condition, and 
henoQ  sparking  must  always  occur.   And  so  it  has  become 
quite  coEunon  practice,  in  operating  machines  of  standard 
design,  to  shift  the  brushes  backv/ard  or  for-ward  from  the 
neutral  plane,  according  as  the  'r.aohine  is  operating  as 
a  motor  nr  as  ?i  cenfif^toT.   T>^"B  fho  oo'nriut^tin"  pl^ne  is 
brought  into  a  field  v;hich  is  opposite  in  direction  to  the 
current  in  the  coil  at  the  instant  v/hen  commutation  takes 
place.   As  the  coil  outs  across  this  "reversing"  field,  as 
it  is  frequently?'  called,  an  electromotive  force  is  induced 
in  it,  which  ia  opposite  in  direction  to  the  reactance 
voltage.   Thus  the  cause  of  sparking  is  removed,  and  the 
commutation  greatly  improved.   The  angle  through  which  the 
i>xubii©b  iauet  OQ   faiiiiteU.  wixl  ^xxiyanu   upoii  biio  uurx'ent  to  uo 
reversed,  which  depen  Is  upon  the  load.  Hence  as  the  load 
increases,  the  brushes  must  be  shifted  farther  and  farther 
from  the  neutral  plane. 


But  this  method  of  preventing  sparking  ib  open  to 
many  serious  objections,  and  is  a  poor  makeshift  at  best, 
particularly  in  variable  speed  machines.  One  of  the 
greatest  difficulties  in  the  '^ay  of  making  use  of  this 
method  for  the  prevention  of  sparking  is  the  magnetic 
effect  of  the  current  in  the  armature  coils.   T>iis  current 
produces  a  cross  magnetism  through  the  core  of  the  armature 
the  effect  of  which  is  to  distort  the  magnetism  of  the  main 
field,  oauBinrr  a  orowrllrif;  o"F  van orxptf.ic.   ilnee  o'*'  force  under 
the  trailing  pole  corners,  and  a  weakening  of  the  field 
un:iei-  the  leading  pole  comers.  Evidently,  this  effect 
will  increase  with  the  load,  until  the  trailing  pole  corner 
becomes  completel^r  saturated,  and  the  field  under  the  lead- 
ing pole  corner  reduced  to  zero  or  even  reversed.   If  the 
machine  is  operating  as  a  motor,  the  magnetic  conditions 
under  leading  and  trailing  pole  tips  will  be  just  the 
reverbS  oi,"  what  tii6>  arc  in  a  t^oaex'ator.   Uxider  tjucii  oou~ 
ditions,  no  amount  of  shifting  of  the  brushes  "rill  improve 
the  commutation,  because  the  field  under  the  i^eakened  pole 
corner  has  been  reduced  to  zero,   or  reversed,  in  which 
condition  the  E.M.P.  induced  in  the  coil  by  this  field 
will  assist  the  reactance  voltage  instead  of  opposing  it. 

An  attempt  has  been  ade  to  reduce  the  effect  of  this 
armature  reaction  by  making  the  armature  very  T^eak  and  the 
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field  very  strong,  so  th-^-t  the   distorting  effect  of  the. 
armo.ture  would  be  small.   This  helps  the  conditions  some- 
what but  does  not  cure  them,  and  besides  the  arm-^.ture  ib 
very  I'^rge  for  its  output.  With  such  n.   design  of  laachine 
a  oarbon  brush  of  high  resistance  is  used,  'jrhich  also  helps 
some  in  reducing  the  sparking.  But  b}/-  such  a  r-ethod, 
sparking  is  only  reduced  and  not  done  away  with  entirely, 
and  so  it  offers  no  solution  of  the  probloni. 

It  is  clear  that  in  order  to  obtain  sparklees  ooranuta- 
tion,  the  effect  of  the  armature  reaction,  in  distorting 
the  main  field  of  the  machine,  must  be  done  av.-ay  ^ith* 
This  has  been  attempted,  with  varying  suooees,  by  a  number 
of  investigators,  but  the  beat  praotioal  solution  of  the 
problem  is  probably  the  one  presented  by  Professor  H.  J. 
Ryan.  His  plan  is  to  do  away  entirely  ••dth  the  magnetic 
effect  of  the  arm-iture  by  surrounding  it  '^rith  a  winding 
whioh  should  have  the  Rame  mirnher  of  ampere  tiirnB  ^f  the 
armature,  but  opposite  in  direction.   This  winding  is 
placed  in  holes  just  back  of  the  pole  surfaces,  and  the 
winding  on  each  pole  surface  contains  the  same  number  of 
ampere  turns  as  the  corresponding  part  of  the  armature. 
These  "balancing  coils",  as  they  are  called,  are  connected 
in  series  with  the  armature,  and  thus  the  magnetic  effect 
of  the  armature  is  at  all  times  just  balanced  by  the  mag- 
xiotic  efioot  oi  tiio  uaiuiiuiii^  ooil».   Tnuti  tho  diaturtiag 
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of  the  nain  field  of  the  machine  is  prevented,  and  the 
commutation  very  greatly  improved. 

But  a  consideration  of  Tvhat  takes  place  during  coinmu- 

not  produce  ideal  conrmutating  conditions,  especially  when 
tho  machine  is  to  be  subject  to  wide  variations  of  load 
and  speed.   As  was  stated  above,  f.'hen  commutation  takes 
place,  the  current  in  the  coll  must  fall  to  zero,  reverse 
and  rise  again  to  its  original  value  in  tlis  opposite 
direction.  Hence  commutation  should  take  place  in  a 
reversing  field;  that  is,  a  field  opposite  in  direction 
to  tht)  ourxci'it  \vhioh  io  to  bo  raversiou.   Pujctiioriuoro, 
this  reversing  field  should  be  proportional  to  the  current 
in  the  coil  at  the  time  of  reversal,  that  is,  proportioned 
to  the  load  on  the  ranchine.   In  orler  to  obtain  this  revere- 
ing  field  at  the  commutating  plane,  the  brushes  must  be 
shifted  from  the  neutral  plane,  through  an  angle  'Thich  is 
proportional  to  the  load.  Hence  such  a  machine  ^'ill  not 
oommutate  satisfactorily  through  viide   variations  in  the 
load.   If  the  machine  be  a  motor,  ciibject  to  -vide  and 
sudden  fluctiiations  in  the  load,  the  commutation  will  be 
unsatisfactory  in  spite  of  the  balancing  ooils. 

In  order  to  meet  this  condition  of  wide  and  sudden 
variations  in  the  load,  it  is  evident  that  a  "commutating 
field"  must  be  supplied.   In  order  to  make  it  clear  just 
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vjliat  is  meant  here,  f^ie  exrroSEion  "cor-ru'l-'itln^  field" 
will  first  be  defined.  By  comnutating  field  is  meant  a 
field  which  shall  be  at  all  tiiries  proportional  to  the  load; 
its  position  must  be  cuoh  that  the  armature  ooila  will  be 
passing  through  it  at  the  time  of  ooijnutation,  and  it 
should  be  practically  constant  in  value.  In  direction 
this  coEunutating  field  is  opposed  to  the  direction  of  the 
current  in  the  armature  coils  at  the  time  of  corainutation. 
£ucL  a  field  v;ill  i^ivi,   o^^arkleob  coimuutation  at  all  loau.o> 
because  it  is  al'/ays  of  such  a  magnitude  and  direction  as 
to  produce  an  electromotive  force  which  will  exactly  reverse 
the  current  in  the  coil  at  commutation. 

To  meet  this  condition  and  provide  a  coramutating  field, 
small  auxiliary  poles  called  interpoles  are  used,  placed 
midway  between  the  poles  of  the  main  field,  with  the  pole 
faces  covering  the  region  of  commutation.   In  order  to  i  re- 
duce the  necefjsary  comiimtating  field,  these  interpoles  are 
provided  v;ith  the  proper  ntiraber  of  turns  of  vvire,  and  con- 
nectei  permanently  in  series  with  the  armature.  Thus  when 
the  load  on  the  machine  is  heavy,  the  number  of  ampere 
turns  on  the  interpoles  is  large  and  a  strong  corimutating 
field  is  produced.  On  the  other  h^.nd,  when  the  load  is 
light,  the  number  of  ampere  turns  on  the  interpoles  is  low 
and  a  weak  commutating  field  is  the  result.   Thus  the 
strength  of  the  commutating  field  varies  with  the  load 
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\xntil  the  point  of  saturation  of  tho  interpolee  is  reached, 
whioh  is  rrell  above  the  point  of  normal  operation  of  the 
machine.  Since  we  are  not  dealing  with  a  straight  line  in 
the  saturation  curve  of  tho  interpole  core,  it  is  evident 
that  the  interpole  field  will  not  be,  at  all  times, exactly 
i^roi/ortional  to  tLo  ioad.  But  tiio  viuaiitioe  of  tntj  oari>ori 
brush  admit  of  a  considerable  variation  of  the  interpole 
field  with  respect  to  the  load,  without  any  ef leot  upon 
the  cormr.utation. 

In  order  to  show  the  effect  of  the  interpoles  upon 
the  field  distribution  of  a  motor,  the  following  figures 
are  presented. 


"7V 

Fig.  1  Pis*  3 

Figure  1  above  sho^vn  the  field  distribution  of  a 
constant  speed  notor,  running  \mder  no  load.   It  ^vill  be 
noted  that  tliC  field  dii,tr  lout  ion  aoroiit.  the  pole  faoo  io 
practically  constant,   "lien  a  load  is  throvm  upon  the 
machine,  the  magnetic  efiact  of  the  curront  in  the  armature 
at  once  appears.   This  arr.ature  reaction  weakens  the  field 
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strong  enough  to  overcome  the  field  produced  by  the  ania- 
ture,  and  in  addition  produce  a  oornnutating  field.   This 
comniutating  field  is  powerful  or  weak,  in  proportion  to 
the  load  on  the  machine,  and  is  entirely  independent  of 
the  field  of  the  main  poles.  Even  although  the  armature 
reaction  may  produce  an  extreme  distortion  of  the  field 
across  the  face  of  the  main  poles,  thio  -.vill  not  affect 
the  commutation,  because  the  proper  field  is  present  at 
the  oommutating  plane. 

One  important  point  in  intsrpole  motor  design  nay 
properly  be  noted  in  this  connection.   Since  the  fringe 
of  the  main  field  is  no  longer  reauirsd  for  comrautating 
purposes,  the  bevel  on  the  pole  faces  may  be  made  quite 
narrow.   In  motors  of  ordinary  design  this  bevel  must 
frequently  be  made  quite  '?:ide  in  order  to  f^ive  a  -vida 
fringe  for  commutation,  resulting  in  a  loss  of  valuable 
pole  face  area  and  tending  to  increase  the  speed  of  the 
motor.  Yfhen   the  interpole  conBtruction  is  used,  the 
main  pole  could  be  made  rectilinear  if  it  'vere  not  for 
the  hufiiciintj  of  tho  ariua.turo  twoth.   li  tha  v»iU.t.i»  oZ   thv> 
bevel  be  made  equal  to  the  width  of  a  tooth  and  a  slot, 
the  fringing  of  the  field  vvill  be  sufficient  to  overcome 
all  tendency  of  the  teeth  to  vibrate. 

The  object  in  viev/  in  the  experimental  work  presented 
in  this  paper  is  a  study  of  the  electromotive  force  condi- 
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tions  in  the  coils  of  a  direct  current  raotor,  at  the  tine 
of  oomnutation,  when  any  particular  coil  is  uniergoing 
short  circuit  by  the  brush.   When  the  current  in  a  coil  is 
reversed  at  cor.;mutationj  the  inductive  oloctroiaotive  force 
produced  by  such  reversal  causes  a  distortion  of  the  norm-^.l 
open  circuit  electromotive  v/ave  of  the  machine.  Hence,  if 
this  distorted  wave  is  obtained  experiment'^.lly,  and  care- 
fully compared  with  the  normal  open  circuit  v/ave,  the 
amount  of  the  distortion  nay  be  detenriined,  and  so  also 
the  magnitude,  relatively  at  le-ct,  of  the  electromotive 
force  of  commutation.   It  is  by  a  study  thon,  of  the 
electromotive  force  waves  obtained  from  a  single  coil  of 
the  machine,  and  a  comparison  of  these  v/aves  with  the  open 
circuit  ^aves,  tha-t  the  electromotive  force  of  commutation 
is  to  be  studied. 

As  has  been  already  said,  various  methods  have  been 
devised  to  reduce  the  electromotive  force  of  commutation, 
and  so  improve  the  commutation  and  reduce  the  sparking  at 
short  circuit.   In  carrying  out  the  experimental  vroTk   here 
described,  the  ?;ork  has  been  limited  entirely  to  a  study 
of  the  effect  of  interpoles  upon  the  comrautating  conditions. 
By  examining  the  electromotive  force  curves  of  a  single 
coil  of  the  motor,  first  with  the  interpole  vdndings  con- 
nected, and  then  rrith  them  disconnected,  the  effect  of 
the  interpoles  upon  the  form  of  the  electronotive  curve 
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may  be  obtained,  from  which  the  effect  of  the  interpoles 
upon  the  elootromotive  force  of  commutation  becomes 
apparent.  Briefly  etated  then,  the  experimental  7?ork 
presented  here  is  a  study  of  the  effect  of  interpoles 
upon  the  electromotive  force  of  ooriimutation,  through  an 
examimtion  of  the  electromotive  waves  as  obtained  from 
a  single  coil  of  the  machine. 

The  machine  which  ^n.s  used  in  this  work  is  a  Lincoln 
Interpole  Motor,  of  variable  speed  type,  rated  at  3  H.P. 
output.   It  is  intended  to  operate  on  110  volts,  when  it 
will  draw  25  amperes  at  full  load.   The  speed  ranp;e  lies 
between  500  R.P.M.  and  3200  R.P.M.,  and  the  operation  is 
equally  satisfactory  at  all  spo^.u.  .vithin  this  range.  The 
speed  variation  is  obtained  by  having  the  motor  armature 
movable,  through  a  range  of  about  4"  in  the  lirection  of 
the  shaft.   This  is  done  by  making  the  motor  ball  bearings 
movable  in  the  bearing  supports  in  the  motor  frame.  A  cam, 
acting  in  a  slot  in  the  shaft,  and  controlled  by  a  hand 
wheel,  produces  the  motion  of  the  armature.   In  the  normal 
position  of  the  armature  it  is  directly  under  the  field 
poles,  and  the  minimum  speed  is  obtained.   As  the  armature 
travels  out  from  imier  the  field  poles,  the  effect  is  to 
decrease  the  effective  length  of  conductor,  and  hence  the 
speed  must  be  greater  to  produce  the  same  counter  electro- 
motive force.   In  the  extreme  position  of  the  armature. 
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the  effective  length  of  conductor  is  less  then  one  half 
the  total  length. 

The  nain  field  of  the  raachinQ  is  a  shunt  field  of 
four  poles,  the  normal  shunt  field  current  bein^^  l.r^ 
amperes  on  110  volte.  The  interpole  field  ooneists  of 
two  poles,  plnoed  diametric ■'.lly  to  each  other.   There 
are  four  carbon  brushes  and  each  brush  will  cover  two 
commutator  segments,  thus  short  circuiting  tvro  coils  at 
the  same  time.   There  are  111  commutator  segments,  and 
since  the  impressed  electromotive  force  is  110  volts, the 
maximum  value  of  the  electromotive  force  per  coil  is  4.25 
volts. 

Since  the  work  in  hand  requires  a  study  of  the  electro- 
motive force  ourve  of  a  single  coil  of  the  motor,  it  T/as 
necessary  to  provide  a  connection  between  one  of  the  coils 
.and  the  galvanometer  of  the  oscillograph.   Tids  \ias   done 
by  placing  two  small  copper  rings  on  the  end  of  the  commu- 
tator spider  just  outside  the  copper  bars.   These  two  rings 
were  then  connected  to  tv.'o  adjacent  se^^nents  of  the  commu- 
tator.  Small  copper  brushes  vrere  then  provided  to  run  on 
the  little  copper  rings,  an i  from  these  brushes  loads  were 
taken  to  the  coils  in  the  galvanometer  of  the  oscillograph. 
In  all,  four  rings  'vere  placed  upon  the  machine  in  the 
manner  described,  the  electromotive  force  rings  being  con- 
nected as  explained,  and  the  t^o  current  rings  being  con- 
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neoted  in  aeries  with  one  coil  of  the  armnture  and  the 
current  coil  of  the  galvinoineter.   Prom  this  second  pair 
of  rings  the  current  wave  v;as  obtained,  in  the  same  manner 
as  the  electromotive  force  v/ave.   As  stated  above,  these 
small  collector  rings  '-/ere  mounted  on  shovilders  on  the 
coEunutator  body,  the  electromotive  force  rings  being  placed 
on  a  shoulder  outeide  the  commutator  bars  at  the  extreme 
end  of  the  oomtautator,  and  the  current  rinfrs  on  a  shoul  lor 
inside  the  bars  of  the  conunutator.   The  space  on  "/hioh 
these  rings  vrere  placed  is  quite  narrow,  the  ahoulder 
being  about  5/8"  in  vridth.   The  schcne  used  for  mounting 
these  rings  is  as  follo'.'/s:-  A  ring  of  red  fibre  5/3"  in 
width,  was  turned  up  on  the  lathe,  of  such  a  diameter  as 
to  make  a  snug  driving  fit  on  the  shoulder  on  the  coramu- 
tator  spider.   Two  groovot;  l/8*  wide  and  3/l6"  deep,  ',7ore 
then  turned  in  the  outside  of  the  fijjre  ring,  the  distance 
between  the  grooves  being  about  -^".   A  bar  of  copper,  l/S" 
X  1/8"  was  used  to  form  the  collector  rings,  being  wound 
into  the  grooves  in  the  fibre  ring,  the  ends  beveled  off 
and  soldered  together.   The  fibre  rings  '^'ere  then  driven 
on  to  the  shoulders  on  the  commutator,  \7here  it  was  found 
they  were   held  tightly  in  p^ace  by  the  contraction  of  the 
fibre  after  it  had  become  thoroughly  dried  and  seasoned. 
The  armature  was  then  placed  in  the  lathe  and  the  rings 
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trued  up.   The  fact  that  the  rings  did  not  alip  vrhen  the 
cutting  tool  was  applied  showed  that  the  fit  \i3.q   good. 

The  brushes  which  were  used  to  collect  the  current 
from  these  rings,  were  made  from  strips  of  sheet  copper, 
.009"  thick,  ^/SS"  wide,  and  l^"  long.  Each  brush  con- 
sisted of  eight  such  strips,  placed  one  upon  the  other, 
and  soldered  together  at  one  end.   In  order  to  give  the 
brush  rreater  stiffness,  a  strip  of  copper  .027"   thick 
was  soldered  upon  the  backj  this  backing  strip  was  l/S" 
wide  and  1^"  long.  Thus  the  brush  proper  extended  -I" 
beyond  the  end  of  the  backing  strip,  to  give  sufficient 
flexibility  to  the  end  of  the  brush. 

Inasmuch  as  the  armature  of  this  motor  is  movable 
in  the  bearings,  it  was  necessary  to  provide  a  brush 
holder  ?/hich  should  be  cnrried  on  the  shaft  bearings 
proper,  which,  as  stated  above,  are  movable  in  the  large 
bearings  in  the  motor  frame.   Thie  was  done  by  bolting  a 
wooden  yoke  to  the  end  of  the  shaft  bearing,  and  support- 
ing on  this  yoke  the  wrought  iron  rods  which  carry  the 
collector  brushes.   These  rols  are  ^^  x   -^",  and  axe  simply 
fastened  to  the  wooden  yoke  which  supports  them  by  means 
of  vfood  screvrs.   The  brushes  are  soldered  to  the  ends  of 
these  carrying  rods,  the  brush  being  at  right  angles  to 
the  rod.  By  such  an  arrangement  as  this  the  brushes  followed 
the  collector  rings  through  any  axial  movement  of  the  armature^ 
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Tho  ocoillograph  used  in  these  experiments  was 
designed  by  Mr.  H.  J.  Hotohkiss,  and  built  by  Mr.  Fred 
Fowler,  mechanician  in  the  department  of  physios,  Cornell 
University.   A  detailed  description  of  the  instrument  will 
be  found  in  the  Physical  ReviQvr,   Vol.  8,  page  152.  Only  a 
brief  description  will  be  given  here,  Getting  forth  the 
principal  features  of  the  oscillograph.   The  essential  part 
is  an  extremely  sensitive  galvanometer  needle,  suspended  in 
the  field  of  a  permanent  magnet.   Ti  is  needle  consists  of  a 
very  small  piece  of  soft  iron,  mounted  on  one  side  of  a 
quartz  fibre,  with  a  mirror  about  one  half  tho  size  of  the 
iron  on  the  other  sid«.   This  quartz  fibre  is  stretched 
across  a  quartz  bow,  and  the  bow  is  mounted  in  a  slot, 
milled  in  the  side  of  a  brass  pin.   T-is  brass  pin  is 
slipped  into  a  hole  in  the  magnet  yoke,  and  the  galvano- 
meter needle  is  thus  suspended  in  the  field  of  the  perma- 
nent magnets.   The  small  piece  of  soft  iron  then  takes  up 
a  position  parallel  to  the  lines  of  force  of  the  raagnat 
field.   Two  coils  of  "vire  are  placed,  one  in  front  of  this 
galvanometer  needle,  and  one  behind  it.   These  two  coils 
are  connected  together,  either  in  series  or  in  parallel. 
When  a  current  flows  through  these  trro  coils,  a  field  is 
set  up  at  right  angles  to  the  field  of  the  permanent 
magnets.   Ilie  needle  then  assumes  a  position  corresponding 
to  the  position  of  the  resultant  of  these  two  magnetic 
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fields.   Now  if  the  current  through  these  ttro  ooils  be 
altern-i.ting,  tbe  resultant  field  will  ohanr.e  in  t>osition, 
first  on  one  side  and  then  on., the  other,  of  the  axis  of 
the  coils.  Thus  the  needle  swings  back  and  forth, foliov;- 
ing  very  closely  this  resultant  field. 

This  galvanometer  ie  mounted  in  a  light-tight  box, 
"hich  has  a  small  slit  i||j  the  side  for  the  adinission  of 
a  beam,  of  light.   The  beam  of  light,  sui)pliel  by  an  arc 
lamp,  passes  through  the  slit  in  the  side  of  the  box  and 
falls  upon  the  small  tnirror  of  the  /galvanometer  needle. 
The  reflected  beam  from  the  mirror  is  thon  focused  upon 
a  horizontal  slit  in  the  opposite  end  of  the  contai ring 
box.   ^en  an  alternating  current  is  pas'.ed  through  the 
coils  of  the  inctrument,  the  galvanometer  needle  oscillates 
back  and  forth,  and  so  the  reflected  beam  of  li^ht  from  the 
mirror  vibrates  in  a  horizont'?!  plane  along  the  slit  in  the 
end  of  the  box.   If  no\7,  a  photographic  plate  be  shot  dorm 
vertically  behind  this  slit,  the  beam  of  light  \7ill  trace 
a  curve  upon  the  plate,  the  ordinates  of  the  curve  being 
proportional  to  the  amplitude  of  the  oscillation  of  the 
galvanometer  needle.   This  wan  done  by  providing  a  slide- 
way,  containing  a  plate  holder,  with  an  arrangeraent  for 
shooting  the  plate  holder  do^vn  the  slide.   The  holder  was 
driven  by  a  pin  bearing  upon  it  at  the  top,  the  pin  being 
actuated  by  a  spring. 
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The  follc-'inp:  pictures  will  sivo  Eorco  idea  of  the 
apparatus  used  in  theae  GirpGrinento.   Fi£;urQ  5  is  a  picture 
of  the  motor  vvith  which  the  erjseriraents  were  performed, 
viewed  from  the  ooiriKutator  end,  \7ith  the  army.ture  in  its 
extreme  pocition;  th-it  ic,  as  far  out  from  under  the  field 
poles  as  pocEible.   The  yoke  for  supporting  the  rods  which 
carry  the  small  collector  brushes,  as  well  as  the  rods 
themselves,  are  sho^m  in  the  picture. 

Figure  6  is  a  picture  of  the  oscillograph  with  the 
slide-^ay,  which  contains  the  plate  holder,  in  position. 
One  of  the  galvanoraeters  has  been  removed  from  the  box, 
and  is  aho?m  at  the  side.   From  this  picture  an  idea  may 
be  had  of  the  appearance  of  the  permanent  field  magnets, 
and  also  of  the  coils  which  carry  the  alternating  current. 

Figure  7  is  a  view  of  the  arc  lamps  which  were  used 
to  furnish  the  light  for  the  galvanometer  mirrors.   The 
length  of  the  arc,  that  is,  the  space  between  the  carbons, 
may  be  varied  by  turning  the  large  brass  screw.   The 
position  of  the  arc  raay  be  chnnp:ed  by  siiuply  pulling  or 
pushing  the  screv;  up  or  do-.Tn.   It  v/ill  be  noticed  that 
the  arc  carbons  nre  carrie I  in  fibre  blocks,  and  the 
fibre  blocks  in  turn  are  bolted  to  iron  lugs.  These  iron 
supporting  lugs  move  back  and  forth  on  the  iron  slide 
which  carries  them,  and  nay  bo  set  in  any  position  by 
tightening  the  bolts  which  clarap  them  to  the  slile. 
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Thus  the  arc  as  a  whole  Ic  movable,  and  also  any  one  onrbon 
is  movable  T?ith  rospeot  to  the  othorc.   T-.'O  lampG  were  pro- 
vided, so  that  both  galvanometers  could  be  used  at  the  same 
time  if  desired,  one  for  current  and  one  for  elootroraotive 
foroo. 


iJJS'X'iXOa'E  Oi- XTBCHKOI.OeY 
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In  examining  the  osoillograms  presented  here,  it  will 
be  seen  that  the  curves  do  not  consiot  of  a  single  smooth 
line,  but  are  wavy  in  outline,   Tv/o  causes  Eiay  be  assigned 
for  this  wavy  form  of  the  curves.   In  the  first  place,  the 
construction  of  the  oscillograph  it;  such  o.c  to  make  a  smooth 
curve,  under  the  conditions  of  these  exxieriments,  practi- 
cally impossible.   The  oscillograph  -'as  designed  for  very 
high  frequencies,  hence  the  moving  part,  tlie  galvanometer 
needle,  had  to  be  extrsncly  snail  and  light.   Piirtherruore, 
in  order  to  make  the  oscillograph  sensitive  to  very  snail 
and  very  rapid  variations  in  the  impressed  electromotive 
force,  it  is  necessary  that  the  damping  action  of  the 
permanent  controling  magnets  should  bo  '>7eak.   It  must  be 
remembered  that  the  current  which  was  led  into  the  coils 
of  the  oscillograph  was  taken  from  a  brush  contact  on  the 
small  slip  rings  connected  to  a  single  coil  of  the  motor 
armature.   Now  unless  the  brush  contact  is  practically 
pftrfeot,  thfire  wli]  he  vnr-intlonR  in  fhfi  c^nt^ot  resist- 
ance frora  time  to  time,  \7hich  v.'ill  cause  corresponding 
variations  in  the  electromotive  force  impressed  upon  the 
galvanometer  coils.   Several  different  kinds  of  brushes 
were  made  and  tried,  until  the  best  results  possible  were 
obtained  '.'rith  the  brush  described  above.  But  a  perfect 
brush  contact  is  v/ell  nigh  impossible,  so  that  the  electro- 


-20- 


motive  force  impressed  upon  the  coils  of  the  galvanometer 
varied  slightly.  The  result  was  that  the  variationB  in 
current  caused  thereby,  eet  the  galvanometer  needle  to 
swinging  through  a  small  amplitude  in  its  naturnl  period 
of  vibration,  which  is  short.   Thus,  instead  of  tracing  a 
smooth  curve,  the  galvanometer  gives  a  wavy  curve,  the 
amplitude  of  the  wave  depending  upon  the  amount  of  varia- 
tion of  the  current  in  the  coils. 

An  attempt  v&s   maJe  to  roduce  Vaq   amplitiivle  of  this 
wavo  by  mountinf^  the  galvanometer  needle  in  a  small  glass 
tube,  and  surrounding  it  ?/ith  glycerine.   It  was  found, 
however,  that  the  viscosity  of  the  oil  '-ras  not  sufficient 
to  materially  reduce  the  vibrations,  and  also  if  a  heavier 
oil  were  used,  the  amplitude  of  the  fundamental  electro- 
motive force  wave  would  be  seriously  reduced.   Aleo  the 
refraction  of  the  beam  of  light  from  the  galvanometer 
mirror,  by  the  -stalls  of  the  glass  tube,  was  found  to  spread 
the  beajn  out  in  auch  a  way  that  a  well  defined  curve  upon 
the  photographic  plate  would  have  been  impossible. 

However,  in  the  oscillograms  presented  here,  it  is 
thought  that  the  irregular  outline  ox  the  curves  K'ill  not 
in  any  way  impair  their  usefulness  for  the  -purpose  in 
hand,  although  the  appearance  is  not  so  gocd  as  a  smcoth 
curve. 
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Pig.  8 

Pignre  8  above  is  an  oscillogram  showing  the  normal 
eleotromotive  force  JListribution  about  the  armature  of  the 
motor.   It  was  taken  with  the  machine  rimning  as  a  genera- 
tor on  open  circuit,  at  a  Bpeecl  of  800  R.P.M.,  with  the 
interpcle  field  disconnected.   This  flat  topped  wave  is 
what  one  vrould  expect  from  any  shunt  motor  of  good  design. 
The  shunt  field  was  separately  excited  when  this  curve  was 
taken,  the  field  current  being  1.2  amperes  on  110  volts. 

l?hen  the  distribution  of  electromotive  force  is  as 
£lio;^?n  in  Fi^'-^e  8,  coninutation  ;70uld  be  ^ood  because  all 
effects  of  armature  reaction  "re  absent.   Since  the  function 
of  interpoles  is  to  counteract  the  effect  of  armature  re- 
action, and  maintain  as  nearly  as  possible  a  normal  flux 
distribution  about  the  armature,  it  is  evident  that  the 
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interpoles  should  give  an  electronotive  force  curve,  under 
load,  ^lore  closely  resenbling  the  no-load  curve  than  is  the 
case  when  no  interpoles  are  used.   It  is  not  maintained  that 
the  electromotive  force  curve  under  load  conlitions  should 
exactly  resemble  the  no-load  curve,  because  even  T7hen  inter- 
poles are  used,  the  magnetic  effect  of  the  armature  produces 
a  distortion  of  the  flux  under  the  r-iain  field  poles  which 
vrill  distort  the  no-load  curve.   Also,  the  interpole  is  not 
designed  to  produce  a  zero  field  at  the  corn;:,utating  plane, 
but  rather  a  field  proportional  to  ths  current  to  be  reversed, 
For  these  two  reasons  then,  the  intarpole  ■••ill  not  ^ive  a  no- 
load  electromotive  force  curve,  -ahen  there  is  a  load  on  the 
machine. 


Fig.  9 


Figure  9  above  is  an  oscillogram  showing  the  E.M.F. 
of  one  ar^iature  coil,  taken  under  the  follov/ing  conditions; 
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Arnature  current  35  amperes,  f;ill  load. 

Shunt  field  current  1.16  arnperee. 

Speed  920  revolutions  per  minute. 

Electromotive  force  per  armature  coil  4.15  volts. 

Electromotive  force  at  terminals  of  oscillograph 
coils  3.85  volts. 

No  sparking. 
This  oscillogram  was  taken  under  normal  conditions  of 
operation,  the  interpole  field  being  connected.   It  vill 
be  rsuecibered  that  the  ari^aturc  ci  the  motor  i^  i:.ova.ble  in 
the  bearings  in  the  direction  of  the  shaft,  through  a  space 
of  about  four  inches.  Hereafter  the  position  of  the  arma- 
ture when  it  is  under  the  main  poles  will  be  called  the 
normal  position  and  its  position  at  any  particxilar  time 
will  be  given  by  stating  its  distance  from  the  normal  posi- 
tion.  ^'Tien  the  oscillogram  shov.-n  in  '-Igure  9  \vas  taken, 
the  armature  was  2>;"  from  the  normal  position. 

It  is  seen  that  this  curve  is  by  no  means  smooth;  the 
reasons  for  the  swinging  of  the  galvanometer  nee-dle  were 
given  above.  However,  the  general  shape  of  the  curve  is 
not  difficult  to  see,  and  it  is  plain  that  it  conforms 
fairly  well,  in  Its  general  shape,  to  the  no-load  curve. 
The  tops  of  the  loops,  hoxvover,  indicate  that  the  flnx 
distribution  across  the  :r:ain  pole  faces  is  not  exactly 
uniform,  a  condition  '"hich  the  interpoles  do  not  correct. 
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Fig.  10 

Figure  10  above  ie  an  osoillogram  taken  \inder  exactly 
the  same  oonolitions  as  Figure  9,  except  that  the  interpole 
winding  was  disconnected.   The  shape  of  this  curve  shows  a 
much  gre'^ter  departure  fron  the  no-load  curve  than  was 
apparent  in  Figure  9.   The  flux  distribution  across  the 
main  pole  face  is  very  different  from  the  no-load  distri- 
bution, as  is  shovm  by  the  round  topped  curve*  In  its 
general  shape,  this  curve  is  almost  a  sine  curve,  while 
the  no-load  curve  anj.  also,  in  a  less  marked  degree,  the 
curve  sho\7n  in  Figure  9,  are  flat  topped  curves.   These 
two  oscillograms  show  that  the  effect  of  the  interpoles 
is  to  preserve,  tn  a  oonsidorable  extent,  the  no-load 
flux  distribution. 

A  large  number  of  oscillograms  were  made  under  various 
conditions  of  load  and  speed,  first  with  the  interpole  wind- 
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ing  oonneoted  and  then  with  it  disoonneoted,  the  object 
being  to  show  the  effect  of  the  interpoles  upon  the  shape 
of  the  E.M.F.  curve.  Several  of  these  curves  are  pre- 
sented herewith,  although  they  sho^:  very  much  the  Game 
thing  as  is  shown  by  Figures  9  and  10. 


Pig.  11 

Figure  11  above  shows  an  oscillogram  taken  under  the 
following  conditions  with  the  interpole  winding  connected: 
Armature  current  12.5  amperes,  half  load. 
Shunt  field  current  1.14  amperes. 
Speed  915  revolutions  per  minute. 
Electromotive  force  per  armature  coil  4.15  volts. 
Electromotive  force  at  terminals  of  oscillograph 

coils  3.85  volts. 
Armature  2^"  from  normal  position. 
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Pig.  12 

The  oscillogram  shown  above  ras  t?iken  -under  the  same 
conditions  as  Figure  11,  except  that  the  interpole  field 
was  not  connected.   In  this  case,  as  in  the  case  of  Figure 
10,  discussed  above,  the  sparking  at  the  brushes  was  bad. 

An  examination  of  these  t?ro  oscillograms  will  show  the 
same  as  has  been  noted  in  the  case  of  the  others  already 
discussed.   The  curve  taken  v/hen  the  interpole  field  wind- 
ing was  not  connected  is  seen  to  be  much  more  distorted 
from  the  no-load  curve  than  is  the  case  with  the  curve 
taken  imder  the  same  conditions  of  load  and  speed,  \«?ith 
the  interpole  winding  connected. 
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Pig.  13 

Figure  13  above  is  a  drawing  taken  from  an  oscillo- 
gram made  unler  the  follor'fing  oonditione: 

Armature  current  IS. 5  amperes,  half  load. 
Shunt  field  current  1,12  amperes. 
Speed  990  revolutions  per  minute. 
Electromotive  force  per  armature  coil  4.90  volts. 
Electromotive  force  at  terminals  of  oscillograph 

coils  3.15  volts. 
Armature  3"  from  normal  position. 
A  drawing  reproduced  from  the  original  oscillogram 
is  shovm  here  Insteavl  of  the  picture  Itself.  T-iz   negative 
was  over  developed  and  the  print  obtained  from  it  was  poor. 
The  oscillogram  was  not  made  over  again  because  when  it  was 
discovered  that  the  negative  was  poor,  the  apparatus  v/as 
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not  in  such  a  oondition  th^t  the  oonditions  f.iven  above 
could  be  readily  duplicated.   The  drawing  given  above, 
however,  was  made  vvith  extreme  care  from  the  original 
negative,  and  is  a  faithful  reproduction  of  the  curve. 


Fig.  14 
Figure  14  above  is  an  oscillogram  made  \indGr  the  same 
conditions  as  Figure  13,  except  that  Fi,gure  14  was  made  \7ith 
the  intorpole  ^dniing  connected,  and  Figure  13  '-dth  it  dis- 
connected. Here  again  the  difference  in  the  shape  of  the  two 
curves  is  quite  plainly  seen.   Prom  these  oscillograms,  and 
from  the  others  already  shown,  it  is  evident  that  the  effect 
of  the  interpoles  is. to  give  an  electromotive  force  distri- 
bution under  load  which  much  more  closely  resembles  the  no- 
load  distribution  than  is  the  case  'vithout  the  interpoles. 
This  means  that  the  interpoles  are  overcoming  the  effect 
of  armature  reaction,  which  is  ^ust  vjhat  they  ire  designed 
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to  do.   Twenty  oscillograms  were  taken  to  show  this  effect 
of  the  interpole  field.  They  were  taken  \inder  tan  differ- 
ent oonaitions  of  load  and  speed,  always  one  'jith  the  into^-- 
poles  and  one  without  thorn.   The  result  in  all  of  them  is 
the  sanie  as  in  the  oscillograms  already  presented,  and 
hence  to  prevent  a  practical  duplication  of  material,  no 
more  of  them  will  be  presented  here. 

In  any  study  of  comnutating  conditions,  the  curve 
showing  the  nanner  in  which  the  current  varies  in  the 
armature  coils  is  al-nrays  of  interest.   F'len  a  coil  passes 
under  a  brush  and  commutation  takes  place,  the  current 
must  fall  to  zero  and  then  rise  to  its  original  value  in 
the  opposite  direction  during  the  time  th?.t  its  commutator 
segments  are  under  the  brush.   If  the  oommutating  field  is 
of  the  proper  strength,  thin  reversal  of  the  current  should 
take  place  promptly,  while  if  a  proper  oommutating  field  is 
not  provided,  the  current  will  decrease  gradually  to  zero 
and  also  rise  slo'.vly  in  the  opposite  direction.   This  is, 
of  course  d\iG  to  the  self  induction  oi'  the  !:;hort  circuited 
coil  which  resists  any  change  in  the  strength  or  direction 
of  the  current.   Several  current  oscillogr-ims  were  made, 
-it^  ani  -ithotit  the  ir-'-orpcls  ccilfi.  In  -.n  ?tterfipt  to 
discover  what  effect  the  intorpoles  might  have  upon  the 
reversal  of  the  currant.   The  two  oscillograms  shown  below 
are  typical  of  all  that  rrere  taken  to  illustrate  this  point . 
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Fig.  15 


Pig.  16 
T'^e  oscillogrr.mr  c^o~n  here  -"sre  t'-ker  undf^r  V^ 
follor/ing  conditions: 

Armature  current  12.5  amperes,  half  load. 
Shunt  field  current  I.IG  araperes. 
Speed  950  revolutions  per  minute. 
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Current  in  osoillograph  coils  6.25  amperes. 
Armature  2.75  inches  from  neutral  position. 

In  Figure  15  the  interpole  vdniing  was  used,  while 
in  Figure  16  it  was  disconnected.   It  is  seen  from  these 
osoillograns  that  the  galvanometer  needle  of  the  oecill- 
ograpii  viorated  in  itu  natural  poriod.  through  quite  a  wido 
amplitude;  this  is  caused  by  the  fact  that  quite  a  large 
current  had  to  be  taken  from  the  small  current  rings  by 
means  of  the  small  copper  brushes.   The  current  therefore 
varied  somewhat  due  to  changes  in  the  electromotive  force, 
caused  by  variations  in  the  brush  contact  resistance.  This 
causes  the  needle  to  sv/ing  in  its  natural  period,  and  pro- 
duces the  very  irregular  outline  of  the  curves.  In  general, 
it  was  found  practically  impossible  to  get  good  curves  with 
this  oscillograph  whenever  it  was  necessary  to  draw  any 
large  amount  of  current  through  the  brushes  into  the  gal- 
vanometer coils.   A  large  number  of  attempts  were  made  to 
get  good  current  oscillograms  on  full  load,  but  in  every 
case  the  outline  of  the  curve  was  so  irregular  as  to  make 
the  oscillogram  of  very  little  value.   Particularly  was 
this  the  case  when  the  interpole  winding  vaas  disconnected. 

It  will  be  seen  from  an  examination  of  the  oscillogram 
in  Figure  15  that  the  reversal  of  the  current  takes  place 
promptly,  the  curve  falling  in  a  straight  line  from  a  max- 
imum in  one  direction,  throup^h  zero,  to  a  maximiim  in  the 
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opposite  direction.   It  is  also  seen  from  the  rectangular 
shape  of  the  curve,  that  the  current  is  practically  con- 
stant in  value  during  the  titne  between  reversal b. 

The  oscillograia  in  Figure  16  was  made  under  the  same 
conditions  as  Figure  15  except  that  the  interpole  winding 
was  not  used.  Here  the  current  does  not  reverse  so  prompt- 
ly as  before;  this  is  particularly  noticeable  at  points 
marked  A  and  B  on  the  oscillogram.   It  is  also  seen  that 
the  curve  does  not  present  the  same  rectangular  outline  as 
in  the  other  case,  showing  that  the  current  is  not  nearly 
80  constant  between  reversals.  It  appears,  then,  that  the 
effect  of  the  interpoles  upon  the  current  curve  is  to  pro- 
duce a  more  prompt  reversal  of  the  current  than  is  obtained 
without  them,  and  also  tends  to  maintain  the  current  con- 
stant between  reversals,  although  this  effect  is  not  so 
well  marked  as  the  other. 

In  conclusion,  it  ic  seen  that  the  work  presented 
here  ia  tsiiupiy  a  atuay  of  tiits  effect  of  intor^^olciti  uyon 
the  commutating  conditions.   It  appears  from  the  electro- 
motive force  curves  that  the  interpoles  tend  to  preserve 
the  no-load  form  of  the  curve,  by  overcoming  the  distort- 
ing effect  of  the  airmn.ture  reaction.   It  is  not  maintained 
that  the  no-load  curve  should  be  exactly  reproduced  under 
load  conditions  because  of  a  certain  amoiint  of  field  dis- 
tortion under  the  main  poles,  but  the  contention  simply  is 
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that  the  distortion  between  the  main  poles  is  prevented, 
as  is  shown  by  the  load  curve  more  closely  follo^^ing  the 
no-load  curve  than  is  the  case  when  the  interpole  winding 
is  not  used. 

The  current  oscillograms  show  that  the  interpoles 
produce  a  more  prompt  reversal  of  the  current  tha7\  when 
the  interi-oles  are  not  used.   There  is  no  gradual  dying 
away  oi  tno  ourroiit,  out  a  prompt  roYersal,  the  ourrdxit 
curve  following  practically  a  straight  vertical  line 
during  revereal.   The  magnitude  of  the  current  between 
reversals  is  also  more  nearly  constant  with  the  interpoles 
than  without  them. 

The  interpole  laotor  appears  to  solve  the  problem  of 
commutation  for  a  machine  which  must  operate  under  wide 
variations  of  speed  and  load.   Siich  a  motor  can  be  used 
satisfactorily  for  large  machine  tool  drive,  where  a 
speed  variation  of  as  much  as  300^j  Is  required.   In  all 
variable  speed  work,  the  interpole  motor  is  the  only 
direct  current  motor  which  gives  good  results,  especially 
under  conditions  where  the  load  and  speed  do  not  vary 
together. 
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Below  are  shovvri  three  cscliiograids  v.Oii^h  v/ere  luaue 
after  the  iiiain  part  of  the  work  had  been  finished.   These 
curves  were  taken  vvith  the  motor  running  as  =?.  ^'^nerator  on 
open  circuit  with  a  shunt  field  current  of  1.3  Biioeret. 
The  s»jeed  was  800  r.p.ra.   Also,  th^  interpoie  winding  was 
given  current  from  an  external  source,  the  Idea  beins^  to 
see  the  effect  of  the  i.nterpoie  fiell  lapcn  the  taaln  field 
under  these  conditions.   Of  course  these  conditioiis  of 
operatiol  are  entlrel:''  abnormal,  since  the  interpoie  v/ind- 
Ing  v/oulu  have  no  current  in  it  on  no  load. 

Pig.  1'"  Bhov/s  an  oscillogram  taKeji  under  the  «bove 
conditions,  with  a  current  of  3.5  aiaperes.   Pig.  13  shows 
the  curve  obiaiJied  when  the  interpoie  current  was  10  am- 
peres, and  t]ie  curve  in  Fig.  19  shows  the  result  when  the 
interpoie  current  was  14  amperes. 

Since  there  are  only  half  as  many  interpoles  as  main 
poles,  only  every  other  loop  is  affected.   It  is  seen  that 
the  interpoie  field  opposes  the  field  from  the  main  poles, 
causing  the  flux  to  drop  almost  to  ?;ero  for  a  short  time. 
It  was  found  when  full  load  current  v;as  passed  thrcu.gh 
the  interpoie  winding  that  the  interpoie  field  was  stronger 
than  the  maiJi  field,  and  entirely  overpowered  It. 

No  particular  sig;iit'icai:ce  Is  attached  to  these  curves, 
but  they  are  presented  )aerely  to  show  something  o"''  the  in- 
tensity of  the  interpoie  field  as  compared  to  tlie  main 
field. 
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